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BACKGROUND	  
	  
Rayleigh	  lidar	  opened	  a	  por.on	  of	  the	  atmosphere,	  from	  30	  to	  90	  km,	  to	  
ground-­‐based	  observa.ons.	   	  Rayleigh-­‐sca6er	  observa.ons	  were	  made	  



















































(USU)	   from	   1993–2004	   between	   45	   and	  
90	   km,	   crea.ng	   a	   very	   dense	   data	   set	  
consis.ng	   of	   ~5000	   hours	   of	   observa-­‐
.ons	   carried	  out	  over	  ~900	  nights.	   	   The	  
lidar	  had	  a	  mirror	  of	  area	  0.15	  m2	  and	  a	  
frequency-­‐doubled	   Nd:YAG	   laser	  
opera.ng	  at	  532	  nm	  at	  30	  Hz	  at	  ~21	  W,	  
giving	  a	  power-­‐aperture	  product	  (PAP)	  of	  
~3.1	  Wm2.	  	  An	  example	  of	  what	  could	  be	  
accomplished	   with	   this	   system	   is	   the	  
mesospheric	   temperature	   climatology	   in	  
Fig.	   1.	   	   It	   was	   derived	   using	   a	   3-­‐km	  
al.tude	   resolu.on	   and	   averages	   over	   a	  
window	  of	  31	  days	  by	  11	  years.	  
	  
The	   sensi.vity	   of	   the	  ALO	  Rayleigh	   lidar	  
is	  currently	  being	  increased	  by	  a	  factor	  of	  
65	   to	   extend	   observa.ons	   upward	   into	  
the	   lower	   thermosphere	   and	   downward	  
into	   the	   lower	   stratosphere,	  Fig.	  1.	   	  The	  
upward	   extension	   from	   90	   to	   120	   km	  
takes	  the	  observa.ons	  into	  new	  territory.	  	  
Figure	   1.	   	   The	   original	   lidar	   observed	  
Ray le i gh	   s caGer	   th roughout	   the	  
mesosphere.	  	  The	  upgraded	  lidar	  has	  so	  far	  
extended	  that	  capability	  up	  to	  112	  km	  and	  
will	  extend	  it	  to	  at	  least	  120	  km.	  	  It	  will	  use	  
a	   combina7on	   of	   Rayleigh,	   Mie,	   and	  
Raman	  scaGer	  to	  extend	  it	  down	  to	  15	  km.	  
THE	  UPGRADE	  
	  
The	   upgrade	   has	   been	   very	   extensive.	   	   It	   required	   a	   big	   lidar	   obser-­‐
vatory	  and	  the	  oudieng	  of	  a	  laser	  and	  detector	   	  laboratory.	   	  The	  tele-­‐
scope	   collec.ng	   area	  was	   increased	   to	   almost	   5	  m2	   by	   using	   four	   co-­‐
aligned	  1.25-­‐m	  diameter	  mirrors.	  	  Fibers	  carry	  the	  light	  from	  each	  of	  	  the	  	  
telescopes	   to	   the	   detector	   system,	   where	   the	   light	   is	   combined	   and	  
detected.	   	  The	  laser	  power	  was	  almost	  doubled	  to	  42	  W	  by	  using	  both	  














	   Figure	   2.	   	   Schema7c	   block	   diagram	   of	   the	   upgraded	   Rayleigh	   lidar	   system.	   The	   high-­‐al7tude	  Rayleigh	  detector	  channel	  	  is	  	  the	  	  only	  	  one	  	  installed	  	  for	  	  these	  	  early	  observa7ons.	  	  
The	   lidar	  observatory	  was	  made	  big	  enough	   that	   the	   telescope	   can	  be	  
.lted	   in	  zenith	  angle	  from	  0°	  to	  45°.	   	   (An	  unexpected	  by-­‐product	  of	   its	  
size	   is	   that	  when	   Titus	   Yuan	  moved	   the	  Na	  Doppler	   lidar	   from	  CSU	   to	  
USU,	  he	  was	  able	  to	  set	  up	  next	  to	  the	  Rayleigh	  lidar,	  which	  will	  greatly	  
facilitate	  future	  collabora.ve	  experiments	  and	  observa.ons.)	  
	  
Fig.	   3	   shows	   the	   telescope	   cage	   and	   associated	   hardware	   for	   the	  
Rayleigh	  lidar.	   	  Fig.	  4	  shows	  the	  Rayleigh	  lidar	  in	  opera.on	  with	  its	  two	  
green	  beams.	  	  Three	  orange	  beams	  from	  the	  Na	  Doppler	  lidar	  are	  visible	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Figure	  3.	  	  Telescope	  cage.	  	  The	  cage	  is	  3-­‐m	  square	  and	  2.5-­‐m	  high.	  	  It	  can	  7lt	  ±45°	  off	  of	  zenith	  and	  can	  rotate	  
±540°	  in	  azimuth.	  	  It	  holds	  four	  parabolic	  1.25-­‐m	  diameter	  mirrors,	  two	  of	  which	  can	  be	  seen.	  	  They	  focus	  the	  
backscaGered	  signal	  onto	  1.5-­‐mm	  fibers.	  	  The	  four	  fibers	  are	  held	  in	  fiber-­‐holder	  assemblies	  at	  the	  top	  of	  the	  
cage	   and	   their	   posi7ons	   are	   controlled	  by	   servos.	   	   The	   laser	   beams	   come	   from	  below,	   from	   the	   laser	   and	  
detector	  lab,	  along	  the	  azimuth	  axis.	  	  	  
NEW	  HIGH-­‐ALTITUDE	  DATA	  —	  70	  TO	  112	  KM	  
	  
Data	   were	   acquired	   with	   the	   upgraded	   system	   from	   13	   June	  –	  12	   July	  
2012,	   1	   May	   –	  1	   June	   2013,	   and	   20	   June	   2014.	   	   Temperatures	   were	  
derived	   from	   the	   rela.ve	   densi.es	   using	   the	   usual	   Rayleigh	   assump-­‐
.ons	  from	  70	  km	  to	  a	  maximum	  of	  112	  km,	  Fig.	  5	  (a	  –	  c).	   	  The	  maximum	  
al.tude	   was	   determined	   by	   where	   the	   ra.o	   of	   signal-­‐to-­‐standard	  
devia.on	  dropped	  to	  16.	  This	  was	  controlled	  by	  laser	  power,	  telescope	  
alignment,	   detector	   alignment,	   seeing	   condi.ons,	   and	   PMT	   sensi.vity.	  
The	  ini.al	  temperatures	  came	  from	  the	  MSISe00	  model.	   	  The	  minimum	  
al.tude	   was	   determined	   by	   where	   the	   response	   of	   the	   high-­‐al.tude	  
PMT	  became	  nonlinear.	  	  
	  
Each	  of	  the	  25	  profiles	  came,	  typically,	  	  from	  a	  4	  	  –	  	  6	  hour	  night	  with	  a	  3-­‐
km	  al.tude	  resolu.on.	  	  The	  uncertain.es	  derived	  from	  Poisson	  sta.s.cs	  
are	   far	   less	   than	   1	   K	   at	   70	   km	   and	  ~12	   K	   at	   the	   top	   al.tude,	   Fig.	   5c.	  	  







































































Figure	  5.	   	  High-­‐al7tude,	  summer	  sols7ce	  Rayleigh	  temperatures.	   	   (a)	  19	  profiles	  from	  2012.	   	  (b)	  5	  profiles	  
from	  2013.	  	  (c)	  1	  profile	  from	  2014	  with	  uncertain7es.	  	  (d)	  Mean	  profiles	  for	  each	  year,	  the	  ALO	  climatology,	  
and	  MSIS.	  	  (Below	  106	  km,	  2014	  does	  have	  a	  mean	  that	  includes	  days	  with	  only	  one	  laser	  or	  three	  mirrors.)	  
SOME	  INITIAL	  RESULTS	  &	  THE	  FUTURE	  
	  
A	  striking	  result	  in	  the	  new	  temperatures	  shown	  in	  Fig.	  5a	  is	  their	  great	  
variability.	   	   Star.ng	   at	   70	   km,	   the	   spread	   is	  ~20	  K.	   	   Above	   90	   km,	   it	  
increases	   rapidly	  becoming	  60	  K	  at	   95	   km.	   	   Some	  of	   the	   variability	   is	  
from	   clearly	   defined,	   long-­‐wavelength	   waves	   with	   different	   phases.	  	  
Some,	   in	   Fig.	   5a	  &	  b,	   are	   from	  day-­‐to-­‐day	  variability.	   	   There	   is	   also	  a	  
hint	  in	  the	  averages	  in	  Fig.	  5d	  of	  inter-­‐annual	  variability.	  	  	  
	  
Another	  result	  from	  this	  great	  day-­‐to-­‐day	  variability	  is	  that	  the	  concept	  
of	  a	  mesopause	  al.tude	  has	  to	  refer	  to	  an	  average.	   	  On	  any	  given	  day,	  
it	   can	   appear	   lower	   or	   higher	   by	   many	   kilometers	   because	   of	   this	  
variability.	   	  The	   limited	  2013	  and	  2014	  data	  have	   it	  at	  83	  km,	  as	  does	  
the	   original	   ALO	   climatology,	   Fig.	   5d.	   	   The	  more	   extensive	   2012	   data	  
have	  it	  at	  88	  km	  in	  close	  agreement	  with	  MSIS.	  	  	  
	  
Below	   80	   km	   the	   averaged	   temperature	   curves	   and	   the	   ALO	  
climatology	   show	  close	  agreement.	   	   They	  are	   consistently	   lower	   than	  
MSIS,	  reaching	  10	  –	  12	  K	  at	  70	  km.	   	  Above	  95	  km	  they	  show	  differences	  
from	  MSIS	  as	  great	  as	  30	  K.	  
	  
For	   the	   future,	   the	   top	  al.tude	   in	   this	  newly	  accessible	   region	  will	  be	  
increased	   by	   improving	   alignment,	   switching	   to	   a	   PMT	   with	   greater	  
quantum	  efficiency	  and,	  when	  possible,	  adding	  two	  more	  lasers.	  	  
	  
While	   this	   lidar	   opens	   the	   100	   –	   120	   km	   region	   to	   ground-­‐based	  
observa.ons	  at	  one	  mid-­‐la.tude	  loca.on,	   it	  also	  shows	  the	  possibility	  
of	   producing	   affordable	   instruments	   operated	   a	   by	   small	   research	  
groups	  that	  could	  be	  situated	  in	  many	  loca.ons	  around	  the	  world.	  
Figure	  4.	   	  Two	  green	  beams	  passing	  straight	   through	   the	  
telescope	  cage	  to	  the	  zenith.	  	  (Three	  Na	  beams	  are	  seen	  in	  
the	  background.)	  	  [Photo	  courtesy	  of	  Thomas	  	  Amely.]	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